The use of lactic acid bacteria (LAB) as bioprotective cultures can be an alternative to chemical preservatives or antibiotic to prevent fungal spoilage in dairy products. Among antifungal LAB, Lactobacillus harbinensis K.V9.3.1Np showed a remarkable antifungal activity for the bioprotection of fermented milk without modifying their organoleptic properties (Delavenne et al., 2015). The aim of the present study was to elucidate the action mechanism of this bioprotective strain against the spoilage yeast Yarrowia lipolytica. To do so, yeast viability, membrane potential, intracellular pH (pHi) and reactive oxygen species (ROS) production were assessed using flow cytometry analyses after 3, 6 and 10 days incubation in cell-free supernatants. The tested supernatants were obtained after milk fermentation with yogurt starter cultures either in co-culture with L. harbinensis K.V9.3.1Np (active supernatant) or not (control supernatant). Scanning-electron microscopy (SEM) was used to monitor yeast cell morphology and 9 known antifungal organic acids were quantified in both yogurt supernatants using high-performance liquid chromatograph (HPLC). Yeast growth occurred within 3 days incubation in control supernatant, while it was prevented for up to 10 days by the active supernatant. Interestingly, between 66 and 99% of yeast cells were under a viable but non-cultivable (VNC) state despite an absence of membrane integrity loss. While ROS production was not increased in active supernatant, cell physiological changes including membrane depolarization and pHi decrease were highlighted. Moreover, morphological changes including membrane collapsing and cell lysis were observed. These effects could be attributed to the synergistic action of organic acids. Indeed, among the 8 organic acids quantified in active supernatant, five of them (acetic, lactic, 2-pyrrolidone-5-carboxylic, hexanoic and 2-hydroxybenzoic acids) were at significantly higher concentrations in the active supernatant than in the control one. In conclusion, this study has provided new information on the physiological mechanisms induced by an antifungal LAB that could be used as part of the hurdle technology to prevent fungal spoilage in dairy products.
Introduction
Fungal spoilage, by either molds or yeasts, is a major concern for the food industry. This type of spoilage can occur at any stages of the food production chain and results from fungal growth in the food, leading to an alteration of its organoleptic properties. Molds such as Aspergillus, Fusarium and Penicillium spp. may also produce mycotoxins, which can have adverse effects on human health (Corsetti et al., 1998; Pawlowska et al., 2012; Pitt and Hocking, 2009 ). Among foods concerned by fungal spoilage, fermented dairy products are not spared with such contaminations, which are caused by acid-tolerant fungi such as Candida, Cladosporium, Debaryomyces, Galactomyces, Mucor, Penicillium, Rhodotorula and Yarrowia spp. (Delavenne et al., 2011; Fleet 1990; Hymery et al., 2014; Mayoral et al., 2005) .
To prevent fungal spoilage in the dairy industry, a large range of hurdle technologies, such as physical treatments and the use of chemical preservatives or antibiotics such as natamycin, is applied (Davidson, 2001; Schnurer and Magnusson, 2005) . However, due to the emergence of strain resistance to these traditional antimicrobial molecules, as well as the rising demand from consumers for minimally processed or preservative-free food, the development of natural alternatives, such as antifungal bioprotective cultures, is gaining more and more interest (Pawlowska et al., 2012) .
Among the best candidates, lactic acid bacteria (LAB) are usually reported (Dalié et al., 2010; Delavenne et al., 2012; Schnurer and Magnusson, 2005) and several commercial antifungal LAB cultures are currently available on the market. Indeed, LAB are known to produce active antifungal metabolites that may act in a synergistic manner. Among these metabolites, organic acids, phenolic compounds, hydroxylated fatty acids, phenyllactic acids, hydrogen peroxide, reuterin, cyclic dipeptides or proteinaceous compounds have been identified (Dalié et al., 2010; Schnurer and Magnusson, 2005) . LAB are also of great interest due to their natural occurrence and long history of safe use in food, mainly in fermented products. For this reason,
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6 most of them have a GRAS (generally recognised as safe) status in the United States of America and are included in the qualified presumption of safety (QPS) list in the European Union (Bernardeau et al., 2008) .
To date, a few studies have investigated the antifungal properties of LAB in dairy products and especially in fermented milk. Lactobacillus casei AST18 and Lactobacillus plantarum 16 were reported to be efficient bioprotective strains against Penicillium sp. and Rhodotorula mucilaginosa, respectively; while Lactobacillus reuteri INIA P572 and INIA P579, were also selected as potential candidates for fermented milk bio-preservation via reuterin production (Crowley et al., 2012; Langa et al., 2013; Li et al., 2013) . LAB isolates obtained from traditional fermented curd/yogurt-like called 'katak' made in Bulgaria, and affiliated to Lactobacillus brevis, have also shown a broad spectrum of antifungal activity against several fungal genera such as Aspergillus, Fusarium, Penicillium and Trichoderma (Tropcheva et al., 2014) . More recently, Aunsbjerg et al. (2015) reported the antifungal effect of Lactobacillus paracasei DGCC 2132 against Penicillium solitum and Penicillium salamii in fermented milk.
Its activity was associated to diacetyl as well as other unidentified antifungal compounds. Delavenne et al. (2013) showed that Lactobacillus harbinensis K.V9.3.1Np possessed a remarkable antifungal activity in fermented milk preventing the growth of six fungal species (Debaryomyces hansenii, Kluyveromyces lactis, Kluyveromyces marxianus, R. mucilaginosa, Penicillium brevicompactum and Yarrowia lipolytica) during 5 weeks of storage at 10°C.
Then, Delavenne et al. (2015) showed that this inhibitory activity was an all-or-nothing phenomenon and that 2.5x10 6 CFU of L. harbinensis K.V9.3.1Np per gram of fermented milk were necessary to achieve Y. lipolytica growth inhibition at the time of contamination.
Furthermore, this strain had no negative effect on product organoleptic properties at an inoculation rate of 5x10 6 CFU ml -1 . It is worth mentioning that this antifungal strain is the first one described in the literature to possess an antifungal activity against Y. lipolytica. This
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A C C E P T E D M A N U S C R I P T 7 is particularly interesting as this fungal species has been shown to possess a very high resistance to weak acid preservatives, such as benzoic and sorbic acids, in comparison to other spoilage yeasts (Prahailong and Fleet, 1997 (pHi) and production of reactive oxygen species (ROS) were performed using flow cytometry.
Scanning-electron microscopy (SEM) was used to monitor the yeast cell morphology and the occurrence of 9 known antifungal organic acids were compared in both supernatants. The effects of control and active supernatants on Y. lipolytica cells physiology and morphology
were also compared to that of supernatants supplemented with either acetic acid or natamycin (positive controls). These two well-known antifungal compounds were chosen because they exhibit different action modes. Natamycin targets ergosterol in the cytoplasmic membrane (Te Welscher et al., 2008) while acetic acid is a weak organic acid causing intracellular acidification (Stratford et al. 2013 ; Ullah et al. 2012 ).
Materials and methods

Microorganisms and culture conditions
L. harbinensis K.V9.3.1Np was previously isolated from cow milk by Delavenne et al. (2012) . This strain was kept at -80°C in Man, Rogosa and Sharpe (MRS) broth supplemented with 30% (v/v) glycerol and routinely cultivated in MRS broth overnight at 30°C before being streaked on MRS agar for purity checking. After sub-culturing in MRS broth for 24 h at 30°C,
L. harbinensis K.V9.3.1Np was inoculated (1% inoculum) into fresh MRS broth and incubated for 17 h at 30°C to reach ~2x10 9 CFU ml -1 .
Y. lipolytica UBOCC-A-211004 was obtained from the Université de Bretagne Occidentale culture collection (UBOCC, Plouzané, France) and was stored in yeast extract and malt based medium (YEMA) supplemented with 30% (v/v) glycerol at -80°C. After cultivation on potato dextrose agar (PDA) for 7 d at 25°C, several colonies were suspended in potato dextrose broth (PDB) followed by incubation for 20 h at 25°C under shaking at 120 rpm.
Fermented milk preparation and cell-free supernatant recovery
Fermented milks supplemented or not with the bioprotective strain were prepared as previously described (Delavenne et al. 2013) . Briefly, 500 ml of half-fat pasteurized milk were mixed with milk powder (4%), heated at 85°C for 30 min and cooled to 45°C before being inoculated with a commercial yogurt starter culture containing Streptococcus salivarius subsp. thermophilus (S. thermophilus) and Lactobacillus delbrueckii subsp. bulgaricus (L.
bulgaricus) ('ferments lyophilisés pour yaourt brassé', Nat-Ali, Nantes, France) following the manufacturer's instructions. Then, 30 ml of inoculated milk were distributed into 100-ml sterile containers prior to fermentation. In order to prepare fermented milks supplemented with the bioprotective strain, L. harbinensis K.V9.3.1Np cells obtained from MRS broth were centrifuged twice for 10 min at 10 000 g and washed with sterile peptone water, before being suspended and diluted in 30 ml of half-fat pasteurized milk to reach a concentration of 10 9 CFU ml -1 . This suspension (1.5 ml) was then inoculated to reach a final concentration of 5x10 7 CFU ml -1 into 30 ml of milk already containing the commercial yogurt starter culture as described above.
Fermentations were conducted at 42°C for 6 h and pH was recorded before and after fermentation using a surface pH meter (Eutech instruments, Cyberscan pH 510). After storage
for 2 weeks at 10°C, the pH of the control and active supernatants was recorded and L.
bulgaricus, S. thermophilus and L. harbinensis K.V9.3.1Np were enumerated on acidified MRS agar (pH 5.5) at 37°C (Randazzo et al., 2002) , M17 supplemented with 0.5% lactose at 30°C (Ashraf and Shah, 2011) and LAMVAB (Hartemink et al., 1997) at 30°C, respectively.
Fermented milks were centrifuged for 10 min at 17 500 g and the supernatants were filtersterilized using a 0. At the end of each incubation period, yeast cells were centrifuged for 15 min at 420 g and pellets were re-suspended in PSS and then left on ice prior to flow cytometry analyses. Yeast morphology was also assessed using scanning-electron microscopy (SEM) as described below.
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Flow cytometry analyses
Flow cytometry analyses were performed using a BD Accuri C6 flow cytometer and analyzed with the BD Accuri C6 software (Becton Dickinson, New Jersey, USA). The FL-1, FL-2, FL-3 and FL-4 channels were collected through a 530 nm, a 585 nm, a >670 nm and a 675 nm bandpass filters, respectively. Compensation for spectral overlap between channels was performed using unlabeled and single stained cell populations. A total of 10 000 cells were analyzed for each assay. In addition, two biologically independent experiments were performed for each analysis. Untreated and heat-treated cells were used as controls to validate the staining method. For both untreated and heat-treated controls, 1 ml of Y. lipolytica cells from a fresh PDB culture (end of exponential growth phase) was centrifuged for 15 min at 420 g, the pellet resuspended in 1 ml of PSS and the cell density adjusted to 5x10 6 cells ml -1 . For heat-treatment, cells were placed for 10 min in an 80°C water bath. For the untreated and heat-treated cells, 3 samples of 250 µl were stained prior to flow cytometry analysis. The first sample was stained with 0.25
µl of SYTO 9, the second sample was stained with 0.25 µl of PI and the last sample was stained with a mixture of these two dyes as described above.
Cell membrane potential assessment
To assess the cell membrane potential of Y. lipolytica, a mixture of 3,3'-dihexyloxacarbocyanine iodide (DIOC 6 (3); λ ex /λ em : 484/501 nm) (Molecular probes, France) and PI dyes was used (Freitas et al., 2012) . DIOC 6 (3) is a carbocyanine derivative with short alkyl tails that accumulates in polarized and hyperpolarized cytoplasmic and mitochondrial membranes, due to its positive charge. PI was used as described above while DIOC 6 (3) was prepared following the manufacturer's instructions. Prior to staining, a 10 µM DIOC 6 (3)
working solution was prepared from a 1 mM DIOC 6 (3) stock solution in DMSO kept at - and PI fluorescence were measured using the FL1 and FL2 channel, respectively.
Untreated and heat-treated cells were used as controls to validate the staining method and were prepared as described above. Three samples for each condition were stained prior to flow cytometry analysis. The first sample was stained with 1.25 µl of DIOC 6 (3), the second sample was stained with 0.25 µl of PI and the last sample was stained with a mixture of these two dyes as described above. Carbonyl cyanide 3-chlorophenylhydrazone (CCCP; SigmaAldrich, France)-treated cells were also used as an additional control. CCCP is a proton ionophore used to quickly collapse the membrane potential. To prepare CCCP-treated control samples, 500 µl of a 5x10 6 cells ml -1 suspension were incubated in the presence of 0.5 µl of a 15 mg ml -1 CCCP solution and 2.5 µl of a 1 mM DIOC 6 (3) solution for 5 min at 37°C in darkness and washed as described above prior to flow cytometry analysis.
ROS production assessment
To perform this analysis, dihydrorodhamine 123 was used as previously described (Freitas et al. 2012) . Dihydrorodhamine 123 is a non-fluorescent ROS indicator than can passively diffuse across membranes and can be oxidized to cationic rodhamine 123, which exhibits a green fluorescence informing on the degree of ROS accumulation in cells. A working solution at 330 mg ml -1 dihydrorodhamine 123 (Invitrogen, France) was prepared in DMSO and stored at -80°C. Ten microliters of this solution were added to 250 µl of yeast cell suspension.
Samples were then incubated for 10 min in darkness at room temperature followed by centrifugation for 15 min at 420 g and resuspension of the pellet in 250 µl PSS before analysis. Rodhamine 123 fluorescence was measured using the FL1 channel.
To validate the staining method, untreated (fresh) cells and cells incubated in the presence of 3 % H 2 O 2 for 40 min were used as controls.
Intracellular pH (pHi) assessment
The carboxy SNARF-4F AM (SNARF-4F 5-(and-6)-carboxylic acid, acetoxymethyl ester acetate) (Molecular probes, France) pH-dependent fluorescent probe, was used to assess pHi.
This probe is a fluorinated derivative of carboxy SNARF-1 and is well adapted for pHi determination in yeast cells. It is a ratiometric pH indicator as it displays two inversely related pH-dependent emission spectra at two different wavelengths (Boyer and Hedley, 1994; Santos and Maquina, 2004; Valli et al., 2005) . A calibration curve for pHi determination of Y.
lipolytica cells was obtained using a method previously described by Valli et al. (2005) , with slight modifications.
For each experiment, a calibration curve was built in order to link the fluorescence ratio to the corresponding cell pHi. For each of the 7 measurements performed to build the curve, 1 ml of Valli et al. (2005) . Cells were incubated for 1 h at 37°C in darkness under agitation (150 rpm) and kept on ice prior to flow cytometry analysis. The two pH-dependent emission spectra were recorded using the FL2 and FL4 channels. The calibration curve was then obtained by plotting the fluorescence ratio (FL2/FL4) of each sample with respect to the pH of the different McIlvaine buffers using a second-order polynomial function. To determine yeast cell pHi from the different assays, the cell suspension was centrifuged for 5 min at 11 000 g, and the supernatant was kept at room temperature until further use. The pellet was suspended in 250 µl loading buffer and incubated as described above. After a washing step, the supernatant was discarded and the pellet resuspended in 250 µl of its respective supernatant and incubated for an additional 2.5 h in darkness at room temperature before flow cytometry analysis. pHi was also determined for fresh cells (5x10 6 cells ml -1 ) following the same protocol. The obtained fluorescence ratio was converted into pHi value using the equation generated by the calibration curve.
Scanning electron microscopy (SEM)
Yeast cell morphology after 3 and 6 d incubation in the control and active supernatants was investigated using conventional SEM (HITACHI S-3200N). After incubation, 5x10 6 yeast cells (after sample dilution when appropriate) were centrifuged for 7 min at 6 700 g, washed twice in 0.1 M sodium cacodylate buffer at pH 5 (Electron Microscopy Sciences, France) and
resuspended in 1 ml in the same buffer. After filtration through a 0.22 µm polycarbonate membrane filter (Fisher scientific, France), the latter was incubated for 4 h in a closed Petri dish containing 10 drops of Karnovsky solution, which consisted of 4% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 5). Finally, the filter was removed from the Petri dish and left to air-dry overnight in a new Petri dish before SEM analysis.
Organic acid quantification in fermented milk supernatants
Organic acids present in control and active supernatants were quantified as previously described (Belguesmia et al. 2014 ) with a high-performance liquid chromatograph (HPLC)
Agilent 1100 series (Agilent Technologies, Santa Clara, CA) equipped with a Rezex ROAOrganic Acid analysis column (300 x 7.8 mm, Phenomenex, Australia), a UV detector set at 210 nm and a refractive index detector. External standard curves of succinic, lactic, acetic, 2-pyrrolidone-5-carboxylic, L-3-phenyllactic, hexanoic, hydroxyphenyllactic, 2-hydroxybenzoic and salicylic acids (Sigma, St Louis, MO) were used for quantification.
Statistical analyses
Statistical analyses were performed using Statistica for Windows (version 10 Statsoft Inc., Tulsa, USA). Analysis of variance (ANOVA) and a Fisher's least significant difference test (P<0.05) were applied on data obtained from bacterial enumerations and flow cytometry analyses to detect any significant differences between treatments for each incubation period or between each incubation period for each treatment. A student t-test was applied to concentrations of organic acids obtained by HPLC to detect any significant differences between control and active supernatants (P<0.05). Delavenne et al. (2013) , showing that the bioprotective strain did not interfere with acidification properties and starter culture growth. 
Results
A C C E P T E D M A N U S C R I P T
Effects of fermented milk supernatants on
Effects of fermented milk supernatants on Y. lipolytica cell membrane potential
Several control experiments were performed to ensure the validity of the method. Fresh Y.
lipolytica cells were stained with DIOC 6 (3) yielding to 90.9 % of cells with polarized cytoplasmic and mitochondrial membranes, while CCCP-treated cells stained with DIOC 6 (3) only exhibited 16.4 % of cells with polarized membranes (Figure S3A, S3B) . Consequently, the use of this dye for characterization of Y. lipolytica membrane potential changes was
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17 validated. DIOC 6 (3) was also combined with PI to stain fresh and heat-treated Y. lipolytica cells. As expected, up to 93.6 % of fresh cells had polarized membranes and only 1.5 % had a permeabilized membrane, while all heat-treated cells (99.8 %) presented a permeabilized membrane ( Figure S3C, S3D) .
Membrane potential and cell integrity were evaluated for all treatments after incubation for 3, 6 and 10 d (Table 1) Interestingly, a similar trend to that observed in active supernatant was obtained for the supernatant supplemented with acetic acid.
In contrast, cells incubated with natamycin behaved differently. Indeed, after 3 d, a high proportion of permeabilized membrane cells was observed. After 6 d, more than 50% of total cells exhibited a depolarized membrane, which was again accompanied by an important increase in the proportion of permeabilized membrane cells at d 10 (Table 1) . production was detected for all tested conditions. Overall, higher proportions of ROS-
Effects of fermented milk supernatants on ROS production in Y. lipolytica
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18 producing cells were observed in supernatant supplemented with acetic acid and natamycin than in the control and active supernatants; however this trend was not statistically significant (P>0.05) (Figure 2 ).
Effects of fermented milk supernatants on Y. lipolytica intracellular pH
A calibration curve was first generated by plotting the fluorescence ratios (580 nm/640 nm) of the carboxy SNARF-4F AM probe against their corresponding pH equilibrated cell values. A second degree polynomial model was fitted to the experimental data ( Figure S5 ) and used for the pHi calculations in the tested conditions. Based on the appearance of the calibration curve, pHi calculations were less accurate when pHi were higher than 6.5. Intracellular pH of fresh cells harvested at the end of the exponential phase and grown in PDB was 6.5 ± 0.2.
As shown in Table 2, (Table 2 ).
Effect of fermented milk supernatants on Y. lipolytica cell morphology
Yeast morphology was monitored after 3 and 6 d incubation in all tested conditions using SEM (Figure 3 ). Cells incubated in active supernatant displayed more ultrastructural changes ( Figure 3B ) than cells in control supernatant ( Figure 3A) . Indeed, we could observe cells at Figure 3C ) and the one with natamycin ( Figure 3D ).
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Organic acids quantification
Nine organic acids with known antifungal activities were searched for and quantified in the control and active supernatants using HPLC. In the control supernatant, three organic acids (ie. hexanoic, benzoic and salicylic acids) were not found while in the active supernatant, all organic acids were detected and quantified, except salicylic acid (Table 3) . Concentrations of the two organic acids, only quantified in the active supernatant, were 1.03 mM for the hexanoic acid and 0.19 mM for the 2-hydroxybenzoic acid. Except for succinic acid, the detected acids were present at significantly higher concentrations in the active supernatant than in the control supernatant. This was particularly remarkable for lactic, acetic and 2-pyrrolidone-5-carboxylic acids, which concentrations were 1.5-(for lactic acid) to 30-fold (for acetic acid) higher in the active supernatant than in the control one.
Discussion
During the last decade, numerous publications have described the antifungal activity of selected LAB strains against a large diversity of spoilage fungi occurring in various foods and feed (for a review see Dalié et al. 2010 and Crowley et al. 2013) . As underlined by Crowley et al. (2013) , while there is an increased knowledge on the nature of the produced antifungal compounds, little information is available regarding the impact of these metabolites on the target fungal species. In the present study, we investigated how the metabolites produced by
L. harbinensis K.V9.3.1Np affected the physiological status and cell morphology of Y.
lipolytica, an acid resistant yeast commonly involved in spoilage of dairy products. These effects were also compared with those of two well-known antifungal compounds, namely acetic acid and natamycin, which exhibit different action modes.
The first striking effect of the cell-free supernatant obtained from fermented milk made with L. harbinensis K.V9.3.1Np was its fungistatic activity for up to 10 d against Y. lipolytica, a yeast considered to be difficult to inhibit (Prahailong and Fleet, 1997) . Using LIVE/DEAD staining combined with flow cytometry analysis, we showed that yeast cells were still viable indicating that the metabolites present in the active supernatant had a fungistatic rather than fungicidal effect. This result was confirmed by a significant cultivability loss and a subsequent delayed detection of yeast colonies on agar plates. Indeed, cultivable cells decreased of up to 2 log 10 CFU ml -1 after incubation in active supernatant while at the same time, yeast cell numbers remained stable and ~90% of cells had an undamaged membrane.
Thus, it indicates that a very large proportion of cells were under a viable but not cultivable (VNC) state. The VNC state, in which cells maintain a detectable metabolic activity but are unable to grow on culture media, has been extensively studied in pathogenic bacteria but also exists in yeast (Hawser and Islam, 1999; Salma et al., 2013; Yamamoto, 2000) . Furthermore, the present results were in agreement with those of Delavenne et al. (2015) , showing the remarkable antifungal activity of L. harbinensis K.V9.3.1Np in fermented milk. Moreover, it is worth mentioning that the Y. lipolytica inoculum level used in this study (10 6 CFU ml -1 of supernatant) does not reflect the yeast population usually encountered during spoilage, which is generally far lower (<100 CFU g -1 ). Thus, the obtained results can be associated with a worst-case scenario and suggest even stronger results in the presence of low population contamination.
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No significant effect on yeast cell membrane permeability and ROS production were observed for the active supernatant, while this supernatant induced cell membrane depolarization and pHi decrease, both likely responsible for growth inhibition and yeast cell cultivability loss.
Interestingly, the effect of fermented milk supernatant supplemented with acetic acid was quite similar to that observed with the active supernatant. Organic acids quantification showed that known antifungal organic acids were significantly more abundant in the active supernatant than in the control one. Among them, lactic and acetic acids were found in large quantities (235.86 and 11.57 mM, respectively) while 2-pyrrolidone-5-carboxylic, hexanoic and 2-hydroxybenzoic acids were found in much lower concentrations (from 0.19 to 1.03 mM). These results and the observed physiological changes supported the idea that the antifungal activity of L. harbinensis K.V9.3.1Np may be due to the synergistic action of organic acids as also shown by other authors (Belguesmia et al. 2014; Dalié et al. 2010) .
Indeed, at low extracellular pH, weak acids are able to diffuse through the cytoplasmic membrane and enter the cell. The neutral pHi causes their dissociation into charged anions, which are not able to diffuse back out causing intracellular acidification (Stratford et al., 2013; Ullah et al., 2012) . Furthermore, an indirect consequence of a weak acid stress could be the disturbance of the cytoplasmic membrane (Krebs et al., 1983; Neal et al., 1965; Sikkema et al., 1995; Stratford and Anslow, 1998) . It would be interesting to further investigate the contribution of these organic acids to the antifungal activity by determining their minimum inhibitory concentrations (MICs) both individually and in mixture and their mode of action.
Similar severe physiological changes were observed on the wine-related yeast Hanseniaspora guilliermondii in response to antimicrobial peptides (AMPs) produced by Saccharomyces cerevisiae (Branco et al. 2015) . After 24h of exposure, AMPs permeabilized the membrane of most yeast cells disturbing pHi homeostasis and leading to a total cultivability loss.
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In the present study, physiological changes of yeast cells when cells were incubated with active supernatant were also accompanied by ultrastructural changes as shown by conventional SEM. Indeed, after 6 d incubation, cells with irregular shapes at different stages of collapsing of their cytoplasmic membrane were observed while after incubation in control supernatant cells were intact with a smooth surface. The different stages of collapsing were characterised by cells displaying a hole, which is presumably broadening with time as well as lysed cells (cells with the sole presence of their cytoplasmic membrane). However, these effects were not as severe as those observed for natamycin, which directly targets ergosterol in the cytoplasmic membrane (Te Welscher et al., 2008) . These observed morphological changes may be the result of an autophagy phenomenon, which is a nutrient degradation and recycling process. Indeed, cell component degradation helps to prolong cell survival or allows differentiation during specific conditions such as nutrient starvation (e.g., carbon, nitrogen), physical stress, growth factor limitation and ROS accumulation caused by oxidative stress (Khan et al., 2012; Lichtenstein et al., 2010; Mizushima and Klionsky, 2007) . This phenomenon can ultimately lead to cellular degradation, apoptosis and cell death (Khan et al., 2012) . It can be hypothesized that organic acids present in the active supernatant are also responsible for the observed morphological changes. Nevertheless, after incubation for 10 d in the active supernatant, Y. lipolytica was able to return to its initial physiological state, thus
showing its remarkable adaptation capacity and high resistance towards organic acids as previously shown (Praphailong and Fleet, 1997) .
In conclusion, the present study has brought new information on the antifungal mechanism of a bacterial bioprotective culture able to prevent fungal spoilage in fermented milk. Indeed, Delavenne, E., Cliquet, S., Trunet, C., Barbier, G., Mounier, J., Le Blay, G., 2015.
Characterization of the antifungal activity of Lactobacillus harbinensis K. V9. 3.1 Np and Lactobacillus rhamnosus K. C8. 3.1 I in yogurt. Food microbiology 45, 10-17. 
A C C E P T E D M A N U S C R I P T
